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INVESTIGATION OF THE BREAKDOWN PRODUCTS PRODUCED FROM ELECTRICAL DISCHARGE 
IN SELECTED CFC REPLACEMENT FLUIDS 
Work performed for the Air Conditioning and Refrigeration Technology Institute 
DOE/CE/23810-48 
Ruth Rawley-Fedder, David Goerz, Carolyn Koester, Michael Wilson 
Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA 94551 
BACKGROUND 
Motor burnouts can occur by various mechanisms. One of the most conunm scenarios is a locked motor 
rotor, which may result from a damaged bearing. The resulting electrical motor btunout is caused by 
overheating of the locked rotor and subsequent failure of the insulation. This is primarily a thermal 
breakdown process. 
A fewer number of systems which experience a motor btunout failure will do so as a direct result of an 
electrical short circuit in the motor. The refrigerant breakdown products formed as a result of an electrical 
arc in the fluid volume of a refrigeration system may differ from those products resulting from a thermal breakdown process. The products may differ in both type of compound and amount formed. Chemical products generated during motor burnouts in refrigeration systems may be highly toxic and/ or damaging to 
system components. In some hermetic motor systems which cycle on and off (refrigerators, home air 
conditioning systems), a small electrical arc is generated within the motor by the electrical contacts 
engaging and disengaging each time the motor goes through a cooling cycle. Although the electrical energy deposited into the fluid by each small arc may be minimal, the cumulative effects on fluid breakdown may be important. 
LLNL personnel have designed and constructed a special purpose electrical test stand to evaluate CFCs 
and CFC replacement fluids under simulated AC, DC, and pulsed breakdown conditions. The test stand includes an electrical diagnostic system which allows the measurement of breakdown voltage, discharge 
current, arc power and energy associated with each pulse. The appropriate data that is collected in order 
to correlate the quantity of by-products produced with the pertinent control variables, such as voltage, 
current, pulse-width, pulse-repetition-frequency, and energy. Along with the electrical test stand, LLNL has extensive chemical analysis facilities that enable us to perform gas chromatographic and gas 
chromatographic-mass spectrometric analysis of various fluids to identify and quantify the breakdown products formed under various scenarios of electrical energy deposition. 
A program was developed to perform pulsed electrical discharge on three fluids (R-22, R-134a, R-507). Initial electrical discharge experiments were performed oo 100 mL samples of fluid held at atmospheric pressure and temperature. In the second phase of testing, a special test cell was constructed to perform 
electrical discharge testing at elevated temperatures up to 200°C (392°F) and elevated pressures up to 1380 kPa (200 psi). The final phase of testing was devised to simulate full scale compressor failure initiated by high electrical stress (arcing). As initially proposed, compressor motors were to be charged with the 
specific fluid and then intentionally caused to fail by applying a high-voltage impulse that would create 
a lasting arc fed by the normal AC power to the motor. After difficulties were enconntered with induction 
of an AC carryover condition in hermetic motors, the final phase of the experimental work was modified so 
as to use the original test stand apparatus to simulate a possible AC carryover arc condition. 
ELECTRICAL BREAKDOWN TESTS 
Three types of electrical breakdown tests were performed oo each fluid. Tests were performed at 
atmospheric pressure and ambient temperature, at elevated temperature and pressure (temperature to 200°C, pressure dependent upon specific fluid), and under simulated motor breakdown conditions. Ambient 
temperature and pressure testing was performed because this was the method used previously to 
163 
investigate breakdown product formation in CFCs and CFC replacements. Elevated temperature (up to 
200°C) and elevated pressure tests (pressure determined by enthalpy conditions for each fluid) were 
performed in order to establish breakdown product creation under more realistic operating conditions. 
Finally, tests were planned to be performed under induced motor breakdown conditions in order to 
determine whether the rate of energy deposition might be a significant factor in the quantity and type of 
by-products produced. 
Initial intentions were to perform actual motor breakdown tests, where a suitable hermetic motor 
would be charged with the fluid of interest, and then a high-voltage pulse introduced in such a way as to 
produce an electrical arc in the fluid space surrounding the motor. We were unable to introduce such a 
failure in actual electrical motors; the electrical input required to induce an internal electrical failure 
resulting in an arc was sufficiently high that external arcing occurred first. In order to determine the 
breakdown products resulting from high voltages which might occur, for example, as result of a lighting 
strike, a simulated motor burnout test was performed. Data from this test was compared with data from 
the elevated temperature/pressure and atmospheric pressure tests, and with data from the literature. 
However, we feel that, based upon the experiments described in this report, failure due to massive 
overvoltage is an unlikely failure mechanism. 
TEST RESULTS 
Energy Deposition: Electrical testing was divided into three different areas of interest. All testing 
involved an initiating an impulse pulse. Initial testing was performed with fluids at ambient temperature 
and pressure. The second phase of testing involved arcing with fluids held at elevated pressure and at a 
temperahrre of 200°C. The final testing included a continuing current typical in active AC power circuits. A 
summary of the injected electrical energy in joules is given in Table L Table I shows the amount of 
electrical energy injected into the test specimen in joules per impulse, average one half cycle 60 Hz AC, and 
single exposure with multiple breakdowns in 60 Hz AC. Notice that under AC conditions an increase of 4 
orders of magnitude in energy is delivered to the device under test. 
Table I Electrical energy (Joules) deposited into each fluid during testing* 
R-22 R-134a R-507 Units 
Ambient temperature/pressure 1.56 E-03 1.80 E-03 3.31 E-03 }/pulse 
High temperature/pressure 2.54 E-03 3.73 E-03 1.93 E-03 J[E_ulse 
ACsingle 2.53 E+01 2.29 E+01 no test J total 
half-cycle exposure 
AC multiple cycle exposure 3.80E+02 3.89E+02 no test J total 
*-note: the amb1ent T /P and high T /P energy per pulse must be scaled according to the number of 
pulses to determine the total energy deposited. 
Breakdown Product Identification: For all test scenarios, R-22 produced the largest number and variety 
of breakdown products; compounds ranged from chlorotrifluoromethane (R-13) to long-chained chlorinated 
and/ or fluorinated hydrocarbons. R-134a produced the least complex breakdown products in terms of 
numbeis of different compounds. Table II lists the major breakdown products identified after electrical 
breakdown testing under ambient temperahrre/pressure and elevated temperature/pressure testing 
conditions. Amounts were measured relative to the parent fluid (!-lg compound/J.Lg parent fluid). Relative 
concentrations observed were between 10-3 (0.1% or greater when compared to the parent fluid) to w-s or 
lower ( <100 ppm). 
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Table II. Major breakdown products formed under ambient temperature/pressure and elevated 
pres sur eJ temperature testing 
amount, relative to parent fluid 
test conditions ambient TIP elevated T/P 
fluid R-22 
Compound 
tetrafluoroethene (R-1114) .019 
dichlorofluoromethane (R-12) .012 
hexafluoropropene .003 
1,2-dichloro-1,1,2,2,-tetrafluoroethane (R-114) .0039 








* - elevated temperature/pressure testing not performed 
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Tetrafluoroethene (R-1114) was the only common compound detected in all three fluids under electrical 
breakdown at atmospheric pressure and temperature. With the exception of R-221 the major breakdown 
products produced for all fluids were two-carbon molecules. Hexafluoroethane (R-116) was produced by 
both R-134a and R-507. Tetrafluoroethene was the major breakdown product produced by R-221 followed by 
R-12 (dichlorodifluoromethane); both these compounds were produced at percent levels (1.2-1.9%). 
Dichlorotetrafluoroethane (R-114) was the next most abundant breakdown product from R~22, fonnd at 
levels of approximately 0.4%. Hexachloropropene and dichlorodifluoroethene (R-1112a) were the next 
most abundant breakdown products for R-221 present at levels of from 0.1-0.3%. R-134a and R-507 produced 
both lesser amounts of breakdown products/ and less complex mixtures than R-22 when tested at ambient 
temperature and pressure. In the case of R-134a, tetrafluoroethene (R-1114; 0.4-0.7%), hexafluoroethane 
(R-116; 0.2%) and trifluoroethene (0.2%) were the major breakdown products. For R-5071 tetrafluoroethene 
was again the major breakdown product/ present at 0.4-0.5%. 1)-difluoroethene (R-1132a) and 
hexafluoroethane (R-116) were present at around 0.2%. 
Fewer by-products were observed after high temperature/high pressure testing than were seen at 
atmospheric pressure testing. The major breakdown products remained the same for all fluids tested, 
while the number of minor breakdown products decreased slightly. Although the numbers of different 
breakdown products decreased, the total amount of breakdown products remained relatively constant when 
plotted as a function of energy deposited into the system. Figure 1 is a plot of the total amounts of 
breakdown products produced for all fluids as a function of total energy deposition~ With the exception of 
R-22 at ambient temperature artd pressure/ the amount of breakdown products produced appears to be 
approximately linear with respect to energy deposition. One possible explanation for the anomalous R-22 
data is that multiple discharge arcs may have occurred during breakdown testing which were incorrectly 
counted as single events. When the electrical waveforms collected during the R-22 atmospheric pressure 
testing were analyzed, multiple arcing was observed oo. at least one waveform. Waveform data was not 
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Figure 1. Comparison of total breakdown products as a function of energy for atmospheric pressure and 
elevated temperature/pressure testing of R-22, R-134a and R-507. 
AC Car:r::yover: Although the total amounts of breakdown products formed under AC carryover testing 
was consistent with the apparently linear relationship of energy deposition with by-product formation, 
there were important differences in the by-products formed under AC carryover. The by-products seen in 
both R-22 and R-134a were less complex mixtures than had been obtained in previous tests. Only five 
major by-products were identified for both R-22 and R-134a. In each case, only one of those by-products 
had been identified in previous testing; the other four were new. The by-products observed and the 
amounts relative to the parent fluid are given in Table III. 
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Table III. B akd re own pro ucts orme d f dd ' AC unng t carryover estmg. 
amount relative to parent fluid 
compound R-22 R-134a 
dichlorodifluoromethane (R-12) 0.000733 
chlorotrifluoromethane (R-13) 0.00510 
pentafluoroethane (R-125) 0.00232 0.000146 
trifluoroethane (R-143) 0.00415 0.000359 
tetrafluoroethane (R-134) 0.0241 
hexafluoroethane (R-116) 0.0000454 
trifl uoroethene 0.000242 
dill uoroethene (R -1132a) 0.0000190 
It is interesting to note that products which were major breakdown products under ambient and 
elevated temperature and pressure tests are seen at very low concentrations under simulated AC carryover 
tests. For example, for R-22, R-12 (dichlorodifluoromethane) was the major breakdown product under 
bench-scale testing. Under simulated AC carryover conditions, R-12 is the least abundant breakdown 
product, and is present at approximately 733 ppm. If we extrapolate the bench-scale results for R-12 
production to a similar energy deposition (380 joules), we would expect levels of 2500 ppm (elevated T /P) to 
almost 3% (ambient T/P). Hexafluoroethane (R-116) was identified as a breakdown product of R-134a 
under both bench-scale and simulated AC carryover testing; again, at levels in the AC carryover sample 
that were much lower than what would be expected from previous tests. For an energy deposition of 389 
joules (AC carryover), we would expect formation of 1700 ppm (elevated TIP) to 4000 ppm (ambient T/P) of 
R-116, rather than the actual amount detected of 45 ppm. 
CONCLUSIONS AND RECOMMENDATIONS 
The differences in types of breakdown products, combined with the different levels observed, suggest 
that different mechanisms are controlling the final breakdown products. Previous work oo thermal and 
shock-wave decomposition of CFCs has indicated that formation of free radicals is a mechanism by which 
halocarbon decomposition occurs (Foon, Millward, Schug, Kargamanov, Xavier). The wide variety and 
high levels of breakdown products observed under low pressure conditions suggests that collisions of free 
radical species with other free radicals and/or unreacted starting material is an important process for 
formation of various breakdown products. 
In both the ambient temperature/pressure and elevated temperature/pressure tests, electrical energy 
was deposited into the system through pulsing at 100Hz. This repeated pulsing provides a steady source 
of radicals, which can then react through collisions with other radicals or unreacted molecules, to generate 
new species. This steady-state free radical formation would suggest that by-product formation is 
dependent upon free-radical collision frequency. A continual influx of radicals may allow an equilibrium to 
be established. Under ambient temperature and pressure conditions, the radicals formed have relatively 
fewer collisions with other radicals or molecules than in the elevated temperature and pressure condition. 
The radicals formed under ambient temperature and pressure conditions may have lifetimes long enough to 
allow rearrangement to more stable radicals. This suggests the possibility of thermodynamic control of 
reaction products. The observation that both smaller amounts and fewer compounds are formed under 
elevated temperature and pressure conditions is supports the hypothesis that product formation under 
these conditions is controlled by collision rate. In a higher pressure system, radicals are likely to collide 
and react relatively soon after formation, and before they can rearrange to more stable (thermodynamic) 
isomers. With a relatively constant influx of radicals, there is opportunity for multiple reactions over a 
relatively long p·eriod of time; conditions that would be expected to favor formation of a variety of 
reaction products. 
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In the AC carryover tests, an equivalent amount of energy is deposited into the system in a relatively 
short period of time, suggesting that the observed reaction products are governed by kinetics. The system is 
at high pressure (relative to the ambient temperature and pressure bench scale tests). Radicals have 
relatively short lifetimes, reacting soon after they are formed. By-products are formed quickly; there is 
not a continual input of additional radicals that can allow continued reaction and rearrangements to more 
complex products. 
Data presented here has shown that bench-scale electrical breakdown testing does not duplicate motor 
failure conditions. Examination of the literature, in conjunction with the limited testing described here, 
indicates that thermal breakdown testing also does not accurately predict breakdown products due to an 
AC carryover motor failure. Although some common breakdown products were observed in all tests 
conducted, the majority of the by-products and the relative amounts formed under simulated AC carryover 
conditions are significantly different than in bench-scale electrical breakdown tests or from thermal 
breakdown only. Laboratory bench-scale breakdown experiments produced highly complex mixtures. Both 
thermal and simulated AC carryover experiments produced relatively few by-products. By-products from 
bench-scale testing ranged from two carbon to six carbon molecules, with few single carbon species. AC 
carryover produced only one and two carbon species, as did thermal breakdown; however, R-12 was the 
only by-product observed in both thermal and electrical breakdown of R-22. 
An assessment of the probability and mechanism of purely electrical breakdown with resulting AC 
carryover in hermetic motors is required before additional testing should be undertaken. If a like 1 y 
mechanism for this type of failure is identified, a more accurate simulation can be designed. The by-
products produced from this simulation can then be compared with actual motor breakdown events. 
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